The effect of oxygen content in WC-FeAl powder is examined on mechanical properties of the sintered composites. The oxygen content is varied by controlling the milling and/or drying processes of the WC-FeAl mixed powder. The WC-FeAl composites are obtained by sintering the mixed powders with the pulse current sintering technique. Transverse rupture strength is improved by reducing the oxygen content in the mixed powder whereas the difference of microstructure and composition is not observed clearly. Some results suggest that oxidation of FeAl during the preparation of the WC-FeAl mixed powder affects the mechanical properties of WC-FeAl products. It is concluded that oxygen content is very important for controlling the mechanical properties of WC-FeAl products.
Introduction
Cemented carbide WC-Co is a famous hard material used as cutting tools or dies due to its high hardness and fracture toughness. However, the metallic cobalt contained in the WC-Co is toxic; it is noted as a cancer-causing agent in U.S.A. In Japan, treatment and emission of the cobalt have been regulated by the law on PRTR (Pollutant Release and Transfer Register) and the provision of ordinance on prevention of hazards due to specified chemical substances. The use of the cobalt is becoming difficult and novel alternative materials of the WC-Co are required. The authors have developed tungsten carbide iron aluminide (WC-FeAl) composite as an alternative material which does not contain toxic material such as cobalt. 14) It was found that mechanical properties of the WC-FeAl were improved by developing powder preparation and/or sintering techniques. 510) For example, WC-FeAl composites having homogeneous microstructure were successfully obtained by changing powder mixing process from dry type to wet one. In addition, by controlling wet milling time of raw powders appropriately both hardness and transverse rupture strength have been improved. 10) However, the wet milling sometimes promotes oxidation of metals or a part of intermetallics such as FeAl. Especially, when water is used as milling solvent, FeAl is oxidized drastically. The oxidation of FeAl is believed to degrade the mechanical properties of sintered compacts. From the above reason, ethanol or acetone has been used as milling solvent for the WC-FeAl system. These solvents, however, are soluble in water and absorb moisture in the atmosphere. Water in organic solvents may promote the oxidation of FeAl even if little amount of water is contained. The oxidation of FeAl is also influenced by powder drying process after the wet milling. As the exposure time of the powder in the atmosphere becomes longer, the oxidation develops and influences the mechanical properties of the sintered WC-FeAl composite.
In this paper, the WC-FeAl composites with various oxygen concentrations (O.C.) are prepared by controlling the wet milling and/or drying processes of mixture of WC and FeAl powders followed by sintering with pulse current sintering technique. The relationship between the O.C. and microstructure or mechanical properties of the composite is investigated.
Experimental Procedure
WC-25 vol%FeAl composites were fabricated by preparing WC-FeAl mixed powders by wet milling and subsequent sintering with a pulse current sintering apparatus (Dr. Sintering Series SPS-515S, Fuji Electronic Industrial Co., Ltd., Japan). The raw powders were WC '(d 50 = 0.73 µm; Japan New Metals Co., Ltd., Japan) and FeAl (Fe 0.6 Al 0.4 , d 50 = 5.6 µm; KCM Corporation Co., Ltd., Japan). These powders were added in a stainless pot (420 ml) with ethanol (100 ml) and cemented carbide media (¤ = 9.35 mm, 900 g) and milled by a conventional wet milling with a rotation speed 100 r.p.m. kept for 72 hours. Two kinds of ethanol were used in the milling process; one was commercially available ethanol directly taken from the reagent bottle (pure grade 99.5%; Wako Pure Chemical Induablestries, Ltd., Japan) and the other as ethanol dehydrated by molecular sieves. The milled powder was dried by two ways. One was natural drying in the atmosphere at room temperature for 3 days. The other was rapid drying in reduced pressure (0.02 MPa) at 55°C with a rotary evaporator for 90 minutes. The dried powders were ground and preserved in a desiccator in a vacuum. Finally, three types of mixed WC-FeAl powders were obtained, that is, (a) commercial ethanol + natural dried powder (C-N powder), (b) commercial ethanol + rapid dried powder (C-R powder) and (c) dehydrated ethanol + rapid dried powder (D-R powder).
The obtained mixed powders were characterized by observation with a scanning electron microscope (SEM; ERA-8900FE, ELIONIX INC.), measurement of particle size distribution by laser diffractometry (Microtrac HRA, NIKKISO Co., Ltd., Japan), measurement of true density by Archimedian method and measurement of O.C. by melt extrusion method (TC-436, LECO Japan Corporation).
After powder characterization, the WC-FeAl powders were packed into a graphite die with cross-sectional dimensions of 30 mm © 5 mm and then sintered under approximately in a vacuum (approximately 10 Pa). The temperature was measured by an optical pyrometer focused on the non-through hole located on the surface of the graphite die (See Fig. 1 ). The heating rate was approximately 60°C/min. up to 600°C and 30°C up to maximum temperature (1150°C). Holding time at maximum temperature was 3 min. The obtained sintered composites were fabricated into specimens of 4 mm in width and 2 mm in thickness. After edge chamfering of specimens, three point bending tests was carried out with a span 10 mm to measure transverse rupture strength. After the bending tests, some specimens were polished and used for measurements of Vickers hardness and indentation fracture toughness. The Vickers hardness was calculated from the diagonal length 2a of the indentation made by 30 kgf load for 15 s using Vickers indenter (HV-114, Mitutoyo Corporation, Japan). The indentation fracture toughness K IC (MPam 0.5 ) was calculated using Shetty's equation as follows, 11 )
Here, H V , P, C correspond to Vickers hardness (Pa), applied load of the indenter (N), length from the center of the indentation to tip of the crack (m), respectively. The effectiveness of eq. (1) was confirmed for WC-Co materials under the condition that cracks generating from the indentation satisfies C/a < 2.5. 11) This type of crack is called Palmqvist one. The estimated K IC from eq. (1) tends to be lower value than that from another equation. 12) In this study, the originating cracks are assumed to be categorized as Palmqvist type, so the K IC of the WC-FeAl was calculated from eq. (1) similar to the WC-Co. In addition to the above evaluation, the sintered WC-FeAl composites were evaluated from the following characteristics: O.C., density, microstructure and elemental mapping by scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDS; ERA-8900FE, ELIONIX INC.) and identification of crystal phases in microscopic regions by transmission electron microscopy (TEM) with EDS (JEM-2010, JEOL Ltd., Japan) and identification constituent phases in the composites by XRD with CuK¡ (X'pert-MPD, PANalytical, Netherlands). Figure 2 shows SEM micrographs of WC-FeAl mixed powders prepared from different milling and/or drying processes. The WC-FeAl mixed powders consist of large FeAl fragments and smaller WC particles (less than 1 µm in diameter). Some WC particles attach a WC-FeAl fragment (See Fig. 2(d) ). No major difference is observed among the micrographs of different milling and/or drying processes. Figure 3 shows particle size distribution curves for WCFeAl mixed powders prepared from different milling and/or drying processes. Three curves in Fig. 3 have bimodal distributions. In one curve, the left peak of smaller particle size corresponds to that of single WC particles and the right peak of larger particle size corresponds to that of FeAl fragments including some attaching WC particles. The left peak does not shift depending on milling and/or drying processes whereas the right peak shifts. The right peak of the D-R powder (dehydrated ethanol as solvent + rapid drying) shifts to right larger than the corresponding peaks of the other two powders. This reason is discussed in Sec. 4.2. Figure 4 shows O.C. of WC-FeAl powders and sintered composites from different powder processes. In this paper, the O.C. is defined as molar ratio of oxygen atoms to total constituents including hard material phase(WC), binder phase (FeAl) and oxygen. Figure 6 shows TEM micrographs and EDS spectra for WC-FeAl composite of C-N powder. Small amount of Cr and Cu detected in the EDS spectra originating from measurement system should be excluded from the detected elements in the composite. As the result of the TEM-EDS analysis, three compounds are found as well as the results of SEM-EDS maps in Fig. 5 . Black features correspond to W and C ( Fig. 6(a)(i) ). Dark ash features correspond to Fe and Al ( Fig. 6(a) (ii)) and bright ash features to Al and O ( Fig. 6(a)(iii) ), respectively. No element is detected in white features. The composition of region detecting Fe and Al ( Fig. 6(a)(ii) ) is found to be Fe 0.7 Al 0.3 from the EDS spectrum. The composition of region of A-O (Fig. 6(b)(ii) ), however, is not found due to the difficulty of quantification Figure 7 shows SEM micrographs of WC-FeAl composites from different powder processes. All composites have homogenous microstructure with FeAl phases distributing uniformly. Grain growth of WC is not observed. Some FeAl phases seem to be oxidized to generate ¡-Al 2 O 3 (black features in Fig. 7) . These features have a few hundred of nanometer in size and the number of the features decreases with a decrease in the O.C. Figure 8 shows density of WC-FeAl powders and sintered composites from different powder processes. All sintered composites have more than 98% of true density of prepared powder, indicating that WC-FeAl powders are sufficiently consolidated by the pulse current sintering technique. The densities of both powders and composites have negative relationship with the O.C; the D-R type has higher density than other two types for both powder and sintered composite. This relationship seems to be originated from the generation of ¡-Al 2 O 3 . The detail is described in Sec. 4.1. Figure 9 shows XRD patterns (CuK¡, diffraction angle ranging from 2090 deg.) of WC-FeAl sintered composites from different powder processes. In order to remove surface residual stress, the measured samples were heated at 800°C in a vacuum. Logarithmic scale is used for the ordinate in Fig. 9 for detecting the weak peaks of compounds except for WC having very strong peaks. The (110) diffraction peaks of FeAl for the sintered composites locate right (higher diffraction angle) to the (110) peak for the raw Figure 10 shows mechanical properties of WC-FeAl sintered composites from different powder processes. Apparently, all three mechanical properties strongly depend on the O.C. Especially, significant change in the average TRS is observed between the composites of the C-N and the D-R powders; the TRS value of the latter composite (2.0 GPa) is approximately 1.4 times larger than that of the C-N powder (1.4 GPa).
Results
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Contrary to the TRS, the Vickers hardness and fracture toughness slightly depends on the O.C. The hardness increases with increasing in the O.C. whereas the fracture toughness represents the opposite result. Concretely, the maximum hardness is 16.5 GPa in the composite of the C-N powder, which is 5% larger than that of the D-R powder of the minimum hardness (15.8 GPa). On the other hand, maximum fracture toughness is 8.7 MPam 0.5 in the composite of the D-R powder, which is 8% larger than that of the C-N powder of minimum fracture toughness (7.9 MPam 0.5 ). This opposite tendency is originated from the trade-off relationship between hardness and fracture toughness. 
The chemical reaction based upon eq. (2) leads to increase in the total volume of the system, indicating that the apparent density of the WC-FeAl decreases as the oxidation of the FeAl proceeds. This logic is supported by the result of Fig. 8 in which the density of the sintered composite decreased with increasing in the O.C.
After the perfect oxidation based upon the reaction of eq. (2) Unfortunately, the presence of ¡-Al 2 O 3 is not revealed from the XRD measurements of the sintered composites of the C-R and the D-R powders. As shown in Fig. 9 , the diffraction peaks of WC are much larger than those of FeAl, suggesting that peaks of ¡-Al 2 O 3 are too small to be discriminated from the base line including some noise. From the microstructure of the sintered composite in Fig. 6 , the sizes of ¡-Al 2 O 3 grains are in the order of 100 nm. Crystal sizes of ¡-Al 2 O 3 should be less than 100 nm order. Therefore, the peaks of ¡-Al 2 O 3 become broader and shorter, and become hard to be discriminated from the noise.
Instead of the vague ¡-Al 2 O 3 peaks, the shift of FeAl peaks with the variation of FeAl composition is observed. FeAl has body-centered cubic structure and its lattice parameter decreased, or diffraction angle increases as the FeAl has Fericher composition. Table 1 
Effect of oxygen concentration on mechanical
properties of sintered composites According to Fig. 10 , the Vickers hardness decreases and the fracture toughness and the TRS increase with decreasing in the O.C. These results are consistent with the trade-off relationship between the hardness and the fracture toughness.
14) The increases of 6% in the hardness and the decrease of 8% in the fracture toughness is accomplished by reducing 6% of the O.C., which is very slight variation. On the other hand, the TRS improves up to 2.0 GPa from the composite of the D-R powder having the lowest O.C. This value is approximately 40% larger than that from the composite of the C-N powder. This improvement of the TRS is notable considering that the average TRS value is approximately 1.5 GPa in the WC-FeAl composite of the powder without reducing the O.C. which has 16 GPa in the hardness and 9 MPam 0.5 in the fracture toughness.
14) Contrary, the TRS value does not depend on the amount of ¡-Al 2 O 3 simply because the TRS value is dominated by the maximum crack or defect size. As described, the size of ¡-Al 2 O 3 ranges a few hundred of nanometer. This size range is too small to act as the fracture origin. The main cause of the change in the TRS is due to the change in the mechanical properties of the FeAl phases. This change is suggested from the variation of the particle size distribution curve with the O.C. variation as shown in Fig. 3 . The peak corresponding to FeAl for the D-R powder having the lowest O.C. locates right (larger particle size) to those for the other two powders. Ductility of the FeAl in the D-R powder remains because the FeAl is the least oxidized by using the dehydrated ethanol and rapid powder drying. As a result, the grinding of the FeAl powder is most difficult in the D-R powder. The O.C. influences the ductility of binder phase (FeAl). The TRS strongly depends on that ductility, and the reduction of O.C. makes the binder phase still ductile. The relatively high ductility of the FeAl phases leads to improve the TRS of the composite drastically.
Conclusions
In this paper, we prepared WC-FeAl mixed powder of various oxygen concentration and investigated the relationship between the oxygen concentration and microstructure or mechanical properties of sintered WC-FeAl composites. The following results were obtained. (1) Reduction of oxygen concentration in the WC-FeAl mixed powder was succeeded by using dehydrated ethanol as organic solvent in wet milling and/or reducing the exposure time in the atmosphere for the powder drying. (2) Pulse current sintering technique supplied the WC-FeAl composites of fine microstructure independent of powder process. (3) Reduction of oxygen concentration in the WC-FeAl mixed powder did not change the microstructure but influenced mechanical properties. Actually, the Vickers hardness decreased with decreasing in the oxygen concentration whereas opposite results were obtained in the transverse rupture strength and the fracture toughness. Especially, the average transverse rupture strength was drastically improved when the O.C. was decreased to reach 6.5 mol%.
